Introduction
The human corneal endothelium (HCE), a single layer of flat cells located on the innermost layer of the cornea, is essential for maintaining corneal transparency and thickness by its barrier and pump functions. HCE cells in adults lose their proliferation ability and decrease in number at an average rate of 0.3%-0.6% per year (Bourne et al., 1997; Hollingsworth et al., 2001; Joyce, 2012) . That gradual cell loss, as well as loss induced by trauma and disease stress, can only be compensated by expansion, spreading, and/or migration of neighboring cells (Laing et al., 1976; Matsuda et al., 1985) . If the density of endothelial cells is too low, endothelial barrier function will be lost, which will result in corneal edema, bullous keratopathy, and loss of visual acuity (Joyce, 2003) . Current treatments of endothelial keratoplasty using donated corneas are employed to restore visual acuity (Price and Price, 2006) . Unfortunately, an increasing worldwide shortage of donor corneas has greatly limited this kind of treatment (Joyce, 2003) . Therefore, the greater need to develop new approaches to restore corneal clarity lost from endothelial dysfunction becomes more and more urgent; one approach is to prevent excessive cell loss by inducing HCE cells to divide, and the other is to develop an equivalent of the corneal endothelium by constructing a tissue-engineered HCE (TE-HCE) (Hitani et al., 2008; Okumura et al., 2011) . The former approach by introducing specific Rho kinase inhibitor Y27632 is promising, but it still needs further investigations before therapeutic applicability. The latter approach by constructing a TE-HCE has been proven to be more and more promising for endothelial dysfunction repair as an endothelial equivalent at present (Ishino et al., 2004; Hitani et al., 2008) .
TE-HCE has been successfully constructed using different types of corneal endothelial cells and scaffold carriers and transplanted into various animal models (Mimura et al., 2004; Götze et al., 2008; Gruschwitz et al., 2010) , but graft failure due to donor endothelial cell density (ECD) or dislocation often occurs (Terry et al., 2008; Lass et al., 2010) . Based on our previous achievements (Fan et al., 2010 (Fan et al., , 2013 Fan TJ et al., 2011) , the present study was designed to construct a high density TE-HCE using nontransfected HCE cells at low passage as seeder cells and modified denuded amniotic membrane (mdAM) as a scaffold, and to evaluate its biological functions by corneal transplantation in rabbit models.
Materials and methods

Animals
New Zealand white rabbits, weighting 2.0 to 2.5 kg, were purchased from the Shandong Eye Institute of Shandong Medical Academy (Qingdao, China) and were used in accordance with the ARVO Statement on the Use of Animals in Ophthalmic and Vision Research. Their usage for penetrating keratoplasty (PKP) was approved by the Clinical Research Ethics Committee of the above institute.
Materials
Passage 24 HCE cells were obtained from a nontransfected HCE cell line established in our laboratory (Fan T et al., 2011) and were cultured in 20% fetal calf serum (FBS)-Dulbecco's modified Eagle's medium/Ham's nutrient mixture F12 (DMEM/F12, 1:1) medium (pH 7.2; Invitrogen, Carlsbad, CA, USA) at 37 °C. Fresh amniotic membranes (AMs) were obtained from the Shandong Eye Institute and their usage for scaffold preparation was approved by the Clinical Research Ethics Committee of the institute.
Preparation of mdAM scaffold
Denuded amniotic membranes (dAMs) were prepared according to the method described previously (Fan T et al., 2011) . Briefly, fresh AMs were denuded by reverse digestion with 0.25% trypsin-0.02% EDTA (1:1; SigmaAldrich, St. Louis, MO, USA) solution (37 °C for 30 min) and gentle scraping with a sterile cell-scraper (Corning, California, CA, USA). After being washed twice with 0.9% physiological saline, the dAMs were cut into wafers with a diameter of 15.6 mm, spread uniformly without folds on well bottoms of a 24-well culture plate with the epithelial surface-up, and coated with 0.2 mL of 0.05 mg/ mL collagen IV, 0.05 mg/mL fibronectin, and 0.005 mg/ mL laminin solution (Sigma-Aldrich) at 37 °C for 24 h. After the collagen and fibronectin solution was discarded, modified dAMs were air-dried overnight at 37 °C before being used as mdAM scaffolds for TE-HCE construction.
Construction of TE-HCE in vitro
Cultured HCE cells, at logarithmic phase, were harvested by 0.25% trypsinization and centrifugation (200 × g, 10 min) and labeled with 10 µg/mL 1,1'-dioctadecyl-3,3,3' ,3'-tetramethylindocarbocyanine perchlorate (DiI; Sigma-Aldrich) as described previously (Fan T et al., 2011 (Fan T et al., , 2013 . After being washed twice with phosphate-buffered saline (PBS) by centrifugation, the DiI-labeled HCE cells were resuspended in 20% FBS-DMEM/F12 medium (Invitrogen, pH 7.2) and 1 mL of cell suspension with a density of 3.22 × 10 6 cells was inoculated into wells with mdAMs. The cell-inoculated plate wells were cultured at 37 °C and 5% CO 2 for 96 h with the culture medium refreshed daily.
Characterization of constructed TE-HCE
The cell number of the constructed TE-HCE was counted using eyepiece graticules with the ECD averaged based on 5 random graticules. The continuous monolayer status of HCE cells was examined by freeze section and hematoxylin and eosin (H&E) staining, and their intercellular junction was visualized by 1% alizarin red staining. The morphology and ultrastructure of the TE-HCE was examined with a JSM2840 scanning electron microscope (SEM; JEOL, Tokyo, Japan) and an H700 transmission electron microscope (TEM; Hitachi, Tokyo, Japan), respectively. The expression pattern of various celljunction proteins including zonula occluding-1 (ZO-1), N-cadherin, connexin-43, and integrin αv/β5 was detected by immunofluorescent staining using their respective monoclonal antibody and fluorescent isothiocyanate (FITC)-or rhodamine B isothiocyanate (RBITC)-conjugated IgG antibody (Biosynthesis Biotechnology, Beijing, China), respectively, as described previously (Fan T et al., 2011) .
Transplantation of TE-HCE into rabbits
Six New Zealand white rabbits were divided equally into 2 groups. The right eyes of rabbits in one group were transplanted with TE-HCEs, and those in the other group were transplanted with mdAMs. The left eyes of all rabbits were used as normal controls. PKP was performed as described previously (Fan et al., 2013) . In brief, rabbits were anesthetized with intramuscular ketamine hydrochloride and chlorpromazine (Hefeng Medicine, Shanghai, China) and injected with carbamylcholine (Freda Pharmaceutical, Jinan, China) into the anterior chamber, and the central cornea with a diameter of 7.0 mm was trephined with a Hessburg-Barron trephine (Mingren Medical Apparatus & Instruments, Suzhou, China) . After the corneal endothelium along with Descemet's membrane (DM) were removed from the corneal button, a sheet of TE-HCE was placed onto the posterior surface of the corneal button. Following the repositioning of the corneal button, the cornea was sutured with a combination of 12-16 interrupted sutures using 10-0 nylon threads (AlconCouvreur S.A./N.V., Puurs, Belgium). Once 0.1 mL of aqueous humor was injected into the anterior chamber, the protruding edge of the TE-HCE was cut off and 0.5 mL of tobramycin-dexamethasone ophthalmic ointment (AlconCouvreur S.A./N.V.) was instilled immediately. During the monitoring period, 0.5 mL of tobramycin-dexamethasone and 0.5 mL of ofloxacin ophthalmic ointment (Santen Pharmaceutical, Osaka, Japan) were instilled twice a day for routine nursing care.
In vivo monitoring of rabbit corneas
After PKP surgery, rabbit corneas in each group were examined every 10 days in vivo. Corneal transparency was monitored with a KJ5D slit-lamp biomicroscope (Kangjie Medical Instruments, Suzhou, China). Corneal thickness was measured using a SW-1000P ultrasound pachymeter (Souer Electronic Technology, Tianjin, China) with the average calculated from 10 readings. Intraocular pressure (IOP) was measured with an applanation tonometer (TONO-PEN AVIA, Reichert, Depew, NY, USA).
Ex vivo examination of transplanted corneas
Under deep anesthesia with ether, rabbits were sacrificed with the method of air embolism. The rabbit corneas from each group were excised 358 days after transplantation. After being rinsed twice with PBS, each cornea was cut equally into 4 pieces across the center. The first piece was examined under a Nikon Eclipse Ti-S fluorescent microscope for DiI fluorescence immediately, and then was stained with 1% alizarin red for intercellular junction examination and cell number counting as described above. The second piece was sampled to make paraffin sections and stained with H&E as described above. The third piece was sampled for SEM study and the last piece was sampled for TEM study, respectively, as described above.
Statistical analysis
Data are expressed as mean ± SEM in triplicates and were analyzed for statistical significance with one-way analysis of variance (ANOVA). Differences between each group were considered statistically significant when P < 0.05.
Results
Characterization of the constructed TE-HCE
After DiI-labeled HCE cells were inoculated onto the mdAM scaffold and cultured for 96 h, a TE-HCE was obtained successfully. Light microscopy and H&E staining of frozen sections showed that a confluent monolayer of HCE seeder cells was formed on the mdAM scaffold ( Figures 1A and  1B) . Alizarin red staining and SEM study revealed that the seeder cells almost all had polygonal morphology ( Figures  1C and 1D) , and extensive intercellular junctions were established throughout the confluent monolayer ( Figure  1C ). Cell counting results showed that the average ECD of monolayer HCE cells was 3611 ± 56.66 cells/mm 2 . TEM observations displayed that the monolayer of seeder cells was continuous and attached tightly to the mdAM scaffold ( Figure 1E ), intercellular junctions were established, and the cells had normal ultrastructures of HCE cells with a lot of mitochondria, polyribosomes, and rough endoplasmic reticula (RERs) scattered in the cytoplasm ( Figure 1F ). Immunofluorescent staining demonstrated that the HCE cells still maintained positive expression of ZO-1 ( Figure  1G ), N-cadherin ( Figure 1H ), connexin-43 ( Figure 1I ), and integrin αv/β5 ( Figure 1J ). 
In vivo examination of TE-HCE-transplanted rabbit eyes 3.2.1. Corneal appearance and transparency
Results of external eye images showed that no severe corneal edema or immune rejection was found in TE-HCE transplanted rabbit eyes, while mdAM-transplanted eyes exhibited obvious corneal edema when compared with control eyes (Figure 2A) . Results of slit-lamp biomicroscopy displayed that the TE-HCE-transplanted rabbit corneas maintained transparency throughout the monitoring period of 358 days, while the mdAMtransplanted corneas maintained opaqueness all the time ( Figure 2B ).
Corneal thickness and IOP
The corneas of TE-HCE-transplanted eyes were thicker than those of the control eyes during the early stages following surgery (P < 0.05), while those of mdAMtransplanted eyes were thicker than those of the control eyes at all times during the monitoring period of 358 days ( Figure 3A) . From Day 10, the corneas of TE-HCEtransplanted eyes became thinner gradually with time in the first 6 months (P < 0.05 vs. normal control eyes), reaching the thickness of normal control eyes 210 days after transplantation (P > 0.05). The corneal thickness of TE-HCE-transplanted eyes was significantly different from that of mdAM-transplanted eyes from day 15 (P < 0.05). The IOP of TE-HCE-transplanted eyes, mdAMtransplanted eyes, and control eyes fluctuated with time and no obvious relationship was found between groups ( Figure 3B ).
Ex vivo examination of TE-HCE-transplanted rabbit corneas
On day 358 after transplantation, all the rabbit corneas from each group were excised and their histological structures were characterized by light microscopy and electron microscopy. 3.3.1. Light microscopy of TE-HCE-transplanted rabbit corneas Fluorescent microscopy showed that the transplanted area of corneal endothelium from the TE-HCE-transplanted rabbit exhibited positive DiI fluorescence, while no DiI fluorescence was found in the corneal endothelium from either the mdAM-transplanted or control rabbits ( Figure  4A ). Since HCE cells were labeled with DiI before being inoculated onto mdAM scaffold, this result means that the cells within the TE-HCE-transplanted area of the corneal endothelium are all from TE-HCE. Our results of alizarin red staining revealed that a confluent monolayer of corneal endothelium was reconstructed with abundant intercellular junctions established in the TE-HCEtransplanted rabbit corneas, while no polygonal cells were found in the mdAM-transplanted area of corneal endothelia ( Figure 4B ). The corneal endothelial cells in the TE-HCE-transplanted corneas were either hexagonal or polygonal in shape and had an average density of 2703.00 ± 70.37 cells/mm 2 , much higher than the average density of 2509.90 ± 51.11 cells/mm 2 in the corneal endothelia of control rabbit eyes. Meanwhile, H&E staining of paraffin sections indicated that a confluent monolayer of endothelium was reconstructed on the endothelial surface of the TE-HCE-transplanted cornea, which was similar to that of normal control cornea, while no monolayer of endothelium was found in mdAM-transplanted cornea ( Figure 4C ). It was also found that the histological structure and thickness of the TE-HCE-transplanted corneas were almost the same as those of the normal control corneas.
Electron microscopy of TE-HCE-transplanted rabbit corneas
To verify the reconstructing effect of the transplanted TE-HCE, the morphology and ultrastructure of corneas and corneal endothelial cells of transplanted rabbits were further identified by electron microscopy. SEM observations displayed that the endothelial cells in the TE-HCEtransplanted corneas were either hexagonal or polygonal in morphology, almost identical to those of the normal control corneas, while no endothelial cells were found in the endothelial surface of the mdAM-transplanted corneas ( Figure 5A ). Moreover, TEM observations indicated that a compact monolayer of endothelium was reconstructed in the TE-HCE-transplanted corneas and a lot of intercellular junctions were well established, while no endothelial cells or even DM were found in the endothelial surface of the mdAM-transplanted corneas ( Figure 5B ). The corneal endothelial cells had an almost identical ultrastructure to that of normal control corneas, being flattened and possessing a lot of mitochondria, polyribosome, and RER, with the monolayer they reconstructed attached tightly to the DM.
Discussion
TE-HCE brought new hope for the treatment of corneal endothelial disorders that were usually limited by donor cornea shortage. In the past two decades, several groups constructed TE-HCE successfully and performed transplantation in animal models (Ishino et al., 2004; Mimura et al., 2004; Lai et al., 2007; Götze et al., 2008; Hitani et al., 2008; Gruschwitz et al., 2010; Fan TJ et al., 2011; Fan et al., 2013) . Unfortunately, the application of TE-HCE was hampered by graft failure due to immune rejections and substantial loss of HCE cells after various keratoplasty (Terry et al., 2008; Lass et al., 2010; Regis-Pacheco and Binder, 2014) . After patients were transplanted with donated corneas with an average ECD of 2818 cells/mm 2 by posterior lamellar keratoplasty, the postoperative ECD averaged 2126 cells/mm 2 at 6 months, 1859 cells/mm 2 at 12 months, 1385 cells/mm 2 at 24 months, and 1047 cells/mm 2 at 36 months (Van Dooren et al., 2004) . Because HCE is essential for maintaining corneal transparency and thickness, attempts should be made to elevate the ECD of TE-HCE, necessary to enable TE-HCE to be utilized as a HCE equivalent for keratoplasty. In our previous studies, we constructed a TE-HCE with an ECD of 3413.33 ± 111.23 cells/mm 2 (Fan et al., 2010) , and that of the TE-HCE-transplanted animal cornea was found to be 1913.33 ± 94.52 cells/mm 2 in rabbits (Fan TJ et al., 2011 ) and 2573.33 ± 0.59 cells/mm 2 in cats (Fan et al., 2013) ; the ECD of the TE-HCE surpassed those constructed by other researchers (Mimura et al., 2004; Shimmura et al., 2005; Götze et al., 2008; Choi et al., 2010; Gruschwitz et al., 2010; Bayyoud et al., 2012) . Especially in transplanted rabbits, the ECD was too low to be suitable for corneal endothelial disorder therapy via keratoplasty. Here we intended to construct a high density TE-HCE using low passaged nontransfected HCE cells and mdAM scaffold and to evaluate the postoperative ECD of corneal endothelium in a rabbit model by PKP. As has been well elucidated, HCE cells rest on DM, the basement membrane for the endothelial layer, Positive DiI fluorescence in the transplanted area of corneal endothelium from the TE-HCE group is shown. (B) Alizarin red staining of the corneal endothelium of rabbit eyes. High density polygonal corneal endothelial cells with abundant intercellular junctions in the transplanted area of corneal endothelium from the TE-HCE group and the absence of cells in the transplanted area of corneal endothelium from the mdAM group is shown, respectively. (C) H&E staining of rabbit corneal paraffin sections. The normal histological structure and recovered thickness of corneas from the TE-HCE group, and the edematous histological structure and increased thickness of corneas from the mdAM group, is shown, respectively. ep, corneal epithelium; en, corneal endothelium; DM, Descemet's membrane; HCE cells, human corneal endothelial cells; RCE cells, rabbit corneal endothelial cells. The boundary of the transplanted area and marginal inherent area is indicated with a dashed line.
consisting of various ECM proteins, such as collagen type IV, fibronectin, and laminin (Ljubimov et al., 1995; Tuori et al., 1996) . These ECM proteins contain Arg-Gly-Asp (RGD) signaling sequences, which can be recognized by integrin to mediate cell-ECM adhesion (Elices et al., 1991; Dürr et al., 1993) . It has been reported that HCE cells plated on collagen (I and IV) and/or fibronectin-coated plates had enhanced cell adhesion and more compact cellular morphology during in vitro studies (Rixen et al., 1989; Choi et al., 2013) . In order to obtain a more favorable scaffold for the in vitro construction of a high density TE-HCE, we introduced 0.05 mg/mL collagen IV, 0.05 mg/mL fibronectin, and 0.005 mg/mL laminin to modify dAM to make it to be more beneficial to cell-ECM adhesion in the present study.
To construct a TE-HCE, 3.22 × 10 6 HCE cells labeled with DiI were inoculated onto the mdAM scaffold and cultured for 96 h in 20% FBS-DMEM/F12 medium (pH 7.2). Our results showed that the constructed TE-HCE has a confluent monolayer of polygonal HCE cells attached tightly to the mdAM scaffold. A neo-TE-HCE with high ECD of 3611 ± 56.66 cells/mm 2 , being the highest among TE-HCE reported to date (Mimura et al., 2004; Shimmura et al., 2005; Götze et al., 2008; Choi et al., 2010; Gruschwitz et al., 2010; Bayyoud et al., 2012) , was successfully constructed by using the mdAM as an optimized scaffold. Meanwhile, extensive intercellular junctions were also established throughout the monolayer of HCE cells, which still maintained positive expression of cell junction assembly proteins ZO-1, N-cadherin, connexin-43, and integrin αv/β5. All these findings indicated that the constructed TE-HCE has not only a similar morphology, structure, and potency to those of native HCE but also the highest ECD, implying that the neo-TE-HCE could be utilized as an ideal equivalent of HCE for corneal endothelial disorder therapy via keratoplasty.
To verify the biological functions of the constructed TE-HCE and the postoperative ECD of corneal endothelia, the neo-TE-HCE was transplanted into rabbit eyes by PKP. Our results of in vivo detection displayed that the TE-HCE-transplanted rabbit corneas were transparent and their average thickness became thinner and thinner during the monitoring period without severe corneal edema or immune rejection, while mdAM-transplanted corneas remained opaque with obvious corneal edema. These results indicated that the TE-HCE could maintain corneal transparency and thickness for 358 days after being transplanted into rabbit eyes. Since corneal transparency and thickness is indispensable to the evaluation of whether the transplanted TE-HCE could function as a normal corneal-anterior chamber barrier (Mergler and Pleyer, 2007) , our findings suggest that the TE-HCE could function as a normal corneal-anterior chamber barrier after being transplanted into rabbit corneas. This conclusion was supported by previous reports with shortterm monitoring (Aboalchamat et al., 1999; Ishino et al., 2004; Mimura et al., 2004; Fan TJ et al., 2011; Fan et al., 2013) . To further verify whether the TE-HCE could reconstruct a native-like endothelium in vivo after corneal transplantation, the corneas from deeply anaesthetized rabbits were excised 358 days after transplantation and their cell origin, morphology, ECD, and histological structure were examined ex vivo.
As reported, rabbits are unusual mammals in that their corneal endothelial cells remain proliferative throughout their lives (Mimura et al., 2004) . Therefore, it is crucial to determine whether the transplanted TE-HCE functions by itself or in cooperation with the marginal inherent rabbit corneal endothelial cells. To confirm this, we labeled the HCE cells with DiI fluorescence before TE-HCE construction and the DiI fluorescence was examined in the excised rabbit corneal endothelium. Our results of DiI fluorescence observations indicated that the endothelial cells in the TE-HCE-transplanted rabbit corneas were all from the TE-HCE, not from autogenous proliferated rabbit corneal endothelial cells. This finding was also supported by our previous reports (Fan et al., , 2013 Fan TJ et al., 2011) . ECD and integrity of corneal endothelium are important indicators of endothelial keratoplasty (Schierhölter and Honegger, 1975; Srinivas, 2012) , and substantial loss of postoperative HCE cells might result in visual acuity impairment and even graft failure (Terry et al., 2008; Lass et al., 2010) . Since survival proportion of the endothelial cells is a major concern after endothelial keratoplasty (Armitage et al., 2003) , we made great efforts to elevate the ECD of the constructed TE-HCE to increase the number of surviving cells in postoperative corneal endothelia. Our results of alizarin red staining displayed that the ECD of the TE-HCE-transplanted rabbit corneas was 2703 ± 70.37 cells/mm 2 on average 358 days after PKP surgery, while that of control corneas was only 2509.90 ± 51.11 cells/mm 2 . The ECD of the TE-HCE-transplanted rabbit cornea was higher than that of the corneas in TE-HCE-transplanted rabbits and cats in our previous study (Fan TJ et al., 2011; Fan et al., 2013) , and much higher than that of the corneas 12 months after endothelial keratoplasty in donated cornea-transplanted patients (<2000 cells/ mm 2 ) (Van Dooren et al., 2004; Kettesy et al., 2014; Lam et al., 2015; Yoeruek et al., 2015) . Moreover, our results of H&E staining and SEM and TEM studies revealed that a continuous monolayer of corneal endothelial cells in hexagonal or polygonal morphology attached tightly to the de novo generated DM was reconstructed. These findings suggest that the transplanted TE-HCE could reconstruct a continuous monolayer of corneal endothelium in rabbit corneas in vivo, which contributes to the successful maintaining of corneal transparency and thickness (Davies et al., 1976) .
As demonstrated, the barrier function of the endothelium is dependent on the barrier integrity, i.e. the integrity of tight and adherens junctions, which might be disrupted in low density corneal endothelium (Srinivas, 2012; Singh et al., 2013) . Therefore, enough intercellular junctions being established between corneal endothelial cells is another important indicator of endothelial keratoplasty (Schierhölter and Honegger, 1975) . Our results of TEM observations showed that a lot of intercellular junctions were established between the endothelial cells of the TE-HCE-transplanted rabbit eyes, and the ultrastructure of these cells was normal with plenty of mitochondria and RER in the cytoplasm. The existence of massive mitochondria and RERs explains a de novo generation of DM in the TE-HCE-transplanted rabbit corneas. All these indicate that the newly reconstructed corneal endothelium has the barrier integrity required for the barrier function of the endothelium, which might explain the successful maintaining of corneal transparency and thickness after TE-HCE transplantation (Davies et al., 1976; Srinivas, 2012) . In summary, a high ECD TE-HCE constructed from nontransfected HCE cells and mdAM could maintain corneal transparency and thickness in rabbit models by reconstructing a native-like corneal endothelium with barrier integrity and high ECD, and might have potential applications in replacement therapies as an equivalent of HCE in the future.
